dence of the open state and behaves as a K ϩ -selective hole in the cell membrane, similar to the neuronal "leak" conductance (Goldstein et al., 1996) . The function of
native dORK channels in Drosophila neurons is unond, dORK⌬ expression will push the resting potential of a neuron toward the K ϩ equilibrium potential and known, although modulation of biophysically similar channels controls resting potential and input resistance thereby increase the depolarization required to trigger an action potential. of mammalian neurons (Millar et al., 2000; Talley et al., 2000) . While channels assembled from full-length dORK In order to determine whether dORK⌬ acts as a neuronal silencer in vivo, we examined the effects of pansubunits are highly suppressed in the absence of serine phosphorylation of the C-terminal cytoplasmic domain, neuronal expression using the GAL4-UAS system (Brand and Perrimon, 1993). Flies were transformed with P elechannels assembled from engineered truncated subunits (dORK⌬) are relieved of this suppression and thus ments with either the conducting dORK⌬ (dORK⌬-C) or nonconducting dORK⌬-NC fused to enhanced GFP constitutively open (Zilberberg et al., 2000) . dORK⌬ expression in Xenopus laevis oocytes dedownstream of five GAL4 binding sites (UAS; Figure  1D ). Multiple independent chromosomal insertion lines creases input resistance between Ϫ40 and Ϫ60 mV and drives the oocyte's normal resting potential of Ϫ40 mV containing UAS-dORK⌬-C or UAS-dORK⌬-NC were then crossed to flies containing an elav-GAL4 P element, down to Ϫ90 mV ( Figures 1B and 1C ). This contrasts with the behavior of voltage-gated K ϩ channels such as which expresses GAL4 protein panneuronally (Lin and Goodman, 1994; Yao and White, 1994) . Panneuronal Kv1.4 and Kv1.5, which only weakly conduct at potentials below Ϫ40 mV ( Figure 1B ) and thus only weakly expression of conducting dORK⌬-C resulted in 100% mortality-no dORK⌬-C-expressing flies from three inhyperpolarize the resting potential ( Figure 1C) . We also generated a pore mutant version of dORK⌬ that has dependent insertion lines reached adulthood, with the vast majority of embryos failing to hatch and the rest the GYG and GFG motifs of the ion conduction pores mutated to AAA. This mutant dORK⌬ is nonconducting exhibiting very sluggish movement as first instar larvae and then failing to reach second instar (data not shown). and does not alter input resistance or resting potential (dORK⌬-NC; Figures 1A, 1B, and 1C arrhythmic (72%), as are almost all pdf-GAL4/Kir2.1 flies from two independent Kir2.1 insertions (94% and 87%; Fluorescence microscopy of brain hemispheres confirms expression of GFP-tagged dORK⌬-C, dORK⌬-NC, Figure 3B ). pdf-GAL4/dORK⌬-C2 flies exhibit a more modest deficit (15% arrhythmic; Figure 3B ), consistent with and Kir2.1 solely in the LN V s of UAS-dORK⌬-C;pdf-GAL4, UAS-dORK⌬-NC;pdf-GAL4, and UAS-Kir2.1;pdfreduced LN V dORK⌬-C expression in the C2 line as compared to C1. In contrast, only 3% of pdf-GAL4/NC flies GAL4 flies, with GFP-tagged K ϩ channel proteins visible in the LN V cell bodies and neuronal processes (data not tested were arrhythmic ( Figure 3B ). The similar effects resulting from expression of Kir2.1 and dORK⌬-C in the shown). We consistently observe greater expression of dORK⌬-C in the dORK⌬-C1 line in comparison to LN V pacemaker cells and the lack of effect of dORK⌬-NC expression show that behavioral arrhythmicity is due to dORK⌬-C2, with dORK⌬-NC1 exhibiting similar expression to dORK⌬-C1 (data not shown).
increased resting K ϩ conductance and consequent electrical silencing. Anti-PDF immunocytochemistry reveals that LN V s ex- activity. In order to determine whether electrical activity These effects are due to GAL4-driven K ϩ channel exof the LN V s also influences cycling of the free-running pression and are not due to a positional effect of P intracellular clock, levels of TIM and PER proteins were element insertion, since the rhythms of y w;C1 and y assessed in LN V s of adult flies expressing dORK⌬-C, w;NC2 flies are statistically indistinguishable ( Figure 3B ). dORK⌬-NC, or Kir2.1 driven by pdf-GAL4. There are modest differences in average activity levels Flies were entrained in LD cycles and then placed in between some of the dORK⌬-C and dORK⌬-NC flies, DD for either 2 or 4 days before immunocytochemistry. but no visible gross deficits in locomotor behavior (Fig-LN pdf-GAL4 flies were crossed to UAS-dORK⌬-C, UAS-Kir2.1, or UAS-dORK⌬-NC flies. Adult progeny were entrained to LD cycles for at least 5 days and then transferred to constant darkness. Brains were dissected and fixed at the circadian times indicated on either the second (D2) or fourth (D4) day of constant darkness and processed for either anti-TIM or anti-PER immunocytochemistry. Anti-TIM or -PER staining intensity of the darkest staining LN V of each brain hemisphere was assessed by blind scoring using a subjective intensity scale from 0 to 4, with 0 being undetectable, 1 being just detectable, and 4 being maximal (see Experimental Procedures). Statistical analysis of average staining intensity scores was by ANOVA with Dunnett's T3 posthoc paired comparison test. At least 12 hemispheres were analyzed for each genotype and time point. Bar graphs depict mean Ϯ SEM staining intensity scores. Images were selected as representative of the mean staining intensity for each experimental condition. In some panels, nerves can be seen on the surface of the brain; these are not stained, but appear dark in the Nomarski optics. (A) LN V s expressing dORK⌬-NC do not contain detectable levels of TIM protein at CT6 (in the middle of subjective day) and contain high levels of TIM localized to the nucleus at CT23 (just before subjective lights-on), after either 2 or 4 days in complete darkness. In contrast, LN V s expressing dORK⌬-C or Kir2.1 contain significantly lower levels of TIM at CT23-D2 and nearly undetectable levels at CT23-D4. On CT23-D2 and CT23-D4, average anti-TIM staining intensity is significantly lower for dORK⌬-C1 and Kir2.1(II) than for dORK⌬-NC1 (p Ͻ .005), while dORK⌬-C1 and Kir2.1(II) do not differ significantly from one another. On CT6-D2, detectable levels of TIM accumulate in the LN V cytoplasm in some Kir2.1(II) flies (see inset for high magnification view), but not in dORK⌬-C1 or NC1 flies. (B) LN V s expressing dORK⌬-NC contain just barely detectable levels of PER protein at CT14 (just after subjective lights-off) and contain high levels of PER localized to the nucleus at CT24 (just before subjective lights-on), after 4 days in complete darkness. In contrast, LN V s expressing dORK⌬-C or Kir2.1 contain nearly undetectable levels of PER at CT24-D4. On CT24-D4, average anti-PER staining intensity is significantly lower for dORK⌬-C1 and Kir2.1(II) than for dORK⌬-NC1 (p Ͻ .005), while dORK⌬-C1 and Kir2.1(II) do not differ significantly from one another. How might clock protein oscillation affect neuronal membrane properties? Ion channels have been demon-
